This article provides a brief overview of cognitive research findings from the last 25 years pertinent to the teaching and learning of physics, and discusses the implications of this research both for structuring the training of prospective physics instructors, and for reforming physics instruction.
Overview of research findings pertinent to teaching and learning physics

The nature of expertise
Much of what is known about knowledge acquisition, storage in memory and application to solving problems has come from studies of experts engaged in problem-solving tasks in their domain of expertise. Experts have extensive knowledge that is highly organized and used efficiently in solving problems, and so cognitive scientists have focused on characterizing the organization, acquisition, retrieval and application of experts' knowledge (see ch 2 of National Research Council 1999). Among the salient findings is that experts' knowledge is highly organized , Glaser 1992 , Larkin 1979 , Mestre 1991 . The organization is hierarchical, with the top of the hierarchy containing the major principles/concepts of the domain; ancillary concepts, related facts and equations occupy the middle to lower levels of the knowledge pyramid. Because of the highly organized nature of their knowledge, experts are able to access their knowledge quickly and efficiently. Further, procedures for applying the major principles and concepts are closely linked to the principles, and retrieved with relatively little cognitive effort when a major principle is accessed in memory. This allows experts to focus their cognitive efforts on analysing and solving problems, rather than on searching for the appropriate 'tools' in memory needed to solve the problems. Knowing more, by virtue of having an efficient organizational structure of the knowledge, means that it requires relatively little effort for the expert to learn even more about their area of expertise since new knowledge is integrated into the existing knowledge structure with the appropriate links to make recall and retrieval relatively easy.
Experts also approach problem-solving differently from novices . For example, when asked to categorize problems (without solving them) according to similarity of solution, experts categorize according to the major principles that can be applied to solve the problems (e.g., conservation of momentum), whereas novices categorize according to the superficial attributes of the problems (e.g., according the objects that appear on the problem statement, such as 'pulleys' and 'inclined planes'). When asked to state an approach they would use to solve specific problems, experts discuss the major principle they would apply, the justification for why the principle can be applied to the problem, and a procedure for applying the principle. In contrast, novices jump immediately to the quantitative aspects of the solution, discussing the equations they would apply to generate an answer.
This research suggests that the tacit knowledge that experts use to solve problems should be made explicit during instruction, and that students should actually practise applying this (no longer tacit) knowledge while solving problems. If one believes that learners learn by constructing knowledge (see next section), however, this cannot be accomplished by simply telling students how major ideas apply to problems-students need to engage actively in applying and thinking about how the big ideas are relevant for solving problems so that they become internalized as useful problemsolving tools. Several research studies suggest that it is possible to get introductory physics students to attend to 'high level' knowledge (as opposed to simply manipulating equations). For example, studies indicate that students are more likely to focus on conceptual knowledge in problem categorization and problem-solving tasks following 'treatments' in which they spent time analysing problems qualitatively before attempting quantitative solutions , Eylon and Reif 1984 , Heller and Reif 1984 , 1993 .
Current view of learning
The contemporary view of learning is that individuals actively construct the knowledge they possess.
Constructing knowledge is a lifelong, effortful process requiring significant mental engagement from the learner. In contrast to the 'absorbing knowledge in ready-to-use form from a teacher or textbook' view of learning, the 'constructing knowledge' view has two important implications for teaching.
One is that the knowledge that individuals already possess affects their ability to learn new knowledge. When new knowledge conflicts with resident knowledge, the new knowledge will not make sense to the learner, and is often constructed (or accommodated) in ways that are not optimal for long-term recall or for application in problem-solving contexts (Anderson 1987 , Schauble 1990 , Resnick 1983 , Glasersfeld 1989 , 1992 . For example, when children who believe the Earth is flat are told that it is round, they accommodate this to mean that it is round like a pancake, with people standing on top of the pancake (Vosniadou and Brewer 1992) . When subsequently told that the Earth is not round like a pancake, but rather round like a ball, children envision a ball with a pancake on top, upon which people could stand (after all, students reason, people would fall off if standing on the side of a ball!). Thus, prior knowledge and sensemaking are prominent in the constructivist view of learning.
The second implication is that instructional strategies that facilitate the construction of knowledge should be favoured over those that do not. Sometimes this statement is interpreted to mean that we should abandon all lecturing and adopt instructional strategies where students are actively engaged in their learning. Although the latter goal is certainly desirable, the former is an overreaction. It is certainly true that, under the right conditions, lecturing could be a very effective method for helping students learn, but wholesale lecturing is not an effective means of getting the majority of students engaged in constructing knowledge during class time. Hence, instructional approaches where students are discussing physics, doing physics, teaching each other physics and offering problem solution strategies for evaluation by peers will facilitate the construction of physics knowledge.
The relationship between content expertise and teaching
Expertise in a discipline is a necessary, but not sufficient, condition for teaching that discipline effectively. An effective instructor also has a wealth of 'pedagogical content knowledge', which includes knowledge about the types of difficulties that students experience, typical paths that students must traverse to achieve understanding and potential strategies for helping students overcome learning obstacles, all of which are discipline-dependent (Shulman 1986 , 1987 , National Research Council 1999 . Pedagogical content knowledge also differs from knowledge about general teaching methods, which are often taught within 'methods' courses outside of the science discipline. What cannot be learned in isolated methods courses about teaching a specific discipline such as physics are such things as the types of assignments that are best suited for teaching particular topics, the types of assessments that are best suited to gauge students' progress and to guide instruction, and the way to structure classroom discussions to highlight and clarify new ideas, as well as to integrate them within the students' knowledge structures. In short, there is an interaction between knowledge of the discipline and the pedagogy for teaching that discipline which results, for the experienced instructor, in a 'cognitive road map' that guides the instructor while teaching. All of this raises the question of how prospective university physics professors are supposed to develop pedagogical content knowledge when nearly all of the emphasis in PhD graduate training is on content; this is an issue to be discussed in a later section.
Assessment in the service of learning
Most assessment carried out in university science courses is 'summative' in that it is intended to sum up the competence of the students and assign grades. Largely missing from science classrooms, especially large lecture courses, is formative assessment intended to provide feedback to both students and instructors, so that students have an opportunity to revise and improve the quality of their thinking and instructors can tailor instruction appropriately. Perhaps the biggest deterrent to using formative assessments in science classes is that instructors lack techniques for using continuous formative assessment in ways that are unobtrusive and fit seamlessly with instruction. The age-old technique of asking a question to the class and asking for a show of hands has been tried by most but does not work well since few students participate in the hand-raising, largely due to lack of anonymity. Because research on learning indicates that all new learning depends on the learner's prior learning and current state of understanding, to ignore students' current level of understanding during the course of instruction is perilous.
In small classes it is not difficult to shape teaching so that two-way communication takes place between the instructor and the student. For example, one very effective method of teaching physics to small classes perfected by Minstrell (1989) involves class-wide discussions led by the teacher. Students offer their reasoning for evaluation by the class and by the instructor, with the class format taking somewhat the form of a debate among students, with the instructor moderating the discussion and leading it in certain directions by posing carefully crafted questions.
In large enrollment classes the advent of classroom communication systems has allowed the incorporation of a workshop atmosphere, with students working collaboratively on conceptual or quantitative problems, entering answers electronically via calculators, and seeing the entire class's response in histogram form for discussion , Wenk et al 1997 . With this approach, the histogram serves as a springboard for a class-wide discussion in which students volunteer the reasoning that led to particular answers and the rest of the class evaluates the arguments. The instructor moderates, making sure that the discussion leads to appropriate understanding. Other approaches, such as Laws' Workshop Physics (Laws 1991 ) and McDermott's Physics by Inquiry (McDermott 1996) , are intended for small classes where students engage in hands-on learning and the instructor circulates to ensure that students make suitable progress; this allows individualized formative assessment, since the instructor can serve as a diagnoser/tutor as s/he circulates about the room.
Transferring knowledge flexibly across different contexts
Transfer, which refers to the ability to apply knowledge learned in one context to a novel context, is difficult to achieve with traditional instruction (National Research Council 1999) . In physics, we have all heard complaints from instructors that students do not apply what they learn in maths classes to their physics classes. Research suggests that transfer is not easy to accomplish (Gick and Holyoak 1980, Bassok and Holyoak 1989) . My own work with problemposing in physics reinforces this (Mestre 2000) . I found that when asked to pose their own solvable, textbook-like problems from concept scenarios 1 students were quite constrained by their inability to find multiple contexts in which to apply concepts. For example, when posing problems that incorporated 'conservation of mechanical energy', students always used the same context, namely an object undergoing free fall in the Earth's gravitational field. Because of this, it was often impossible for them to match other pieces of the concept scenario with a problem posed within this context (e.g., in the concept scenario in the footnote below, it was impossible for students to pose a problem in which a falling object collides and sticks to another object [thus far the first two parts of the scenario are satisfied, namely conservation of mechanical energy followed by conservation of momentum], and then have potential energy increase and kinetic energy decrease). The concept scenario below could have been easily satisfied within a context containing a spring, which, besides gravitation, is the other major system studied in introductory physics that conserves mechanical energy.
Research suggests that several features of learning affect transfer (ch 3 of National Research 1 A 'concept scenario' is a sequence of concepts that apply to a problem in the order in which they apply. For example: Mechanical energy is conserved, followed by conservation of momentum, followed by conservation of mechanical energy, with potential energy increasing and kinetic energy decreasing.
Council 1999). First, the amount of learning clearly affects whether the knowledge is available for transfer, and this depends on the time on task and the student's interest and motivation to learn the material. The context in which the knowledge is learned is also pivotal in terms of ability to transfer; if knowledge is learned solely in one context, it is unlikely that it will be transferable to other contexts. This implies that as new knowledge is learned, students should be assisted in considering multiple contexts in which it applies and in linking the knowledge to previously learned knowledge. Finally, new learning involves transfer from previous learning, and often previous learning can interfere with ability to transfer knowledge appropriately to new contexts (the physics education research literature on 'preconceptions' or 'alternative conceptions' is an archetypal example of this).
Metacognition: making defensive learners
Research suggests that transfer can be improved, that is, ability to use knowledge in new contexts without the need for explicit prompting, by the use of metacognitive strategies (Brown 1975 , Flavell 1973 . Metacognitive strategies refer to strategies for helping learners become more aware of themselves as learners, and include ability to monitor one's understanding through self-regulation; ability to plan, monitor success and correct errors when appropriate; and ability to assess one's readiness for high level performance in the field one is studying (National Research Council 1999) . Reflecting about one's own learning is a major component of metacognition, and does not occur naturally in the physics classroom, due to lack of opportunity and because instructors do not emphasize its importance. It is common to hear physics students comment, 'I am stuck on this problem', but when asked for more specificity about this condition of 'stuckness', students are at a loss to describe what it is about the problem that has them stuck, and often just repeat that they are just stuck and can't proceed. If during instruction we were to take the time to suggest why, and how, students should reflect about their learning, there would be fewer incidents of the 'stuck' condition, since students would be able to identify what they are missing that would allow them to proceed.
Promoting the habit of reflecting on one's own learning is also pivotal in physics courses that deviate from the norm in pedagogy. Despite research evidence that students learn best when actively engaged, the norm in college physics instruction is the lecture, in which most students are passively taking notes. Courses that attempt to get students to work collaboratively, or that try other techniques to engage them, are often viewed by students as being deviant, and thus simply to be tolerated rather than invested in. In cases such as these, instructors should communicate with students why the course is being taught the way it is, and explain how research on learning suggests that the approach being used is superior to the teach-by-telling approach. Only by getting students to reflect about their learning, and by accruing evidence that in fact the 'active learning' approach is making them learn more than a lecture approach, will students begin to buy into the approach and become active participants rather than simply tolerant participants.
What this research suggests about physics courses for prospective science teachers
The research reviewed above carries important implications for how instruction for prospective teachers (and all students for that matter) should be structured. In this section I provide a list of desirable attributes for physics courses suggested by research on learning. The list of attributes that I will provide is not intended to be complete, and is very likely somewhat idiosyncratic; someone else's list will likely differ, but if any two lists based on cognitive research findings are compared, there should be considerable overlap. Further, the list is intentionally general and will not differentiate between courses aimed at the elementary, middle or high school levels. Finally, no hierarchy of attributes is implied by this list.
• Physics content and pedagogy should be integrated. When pedagogy and content are taught separately, they are seldom integrated. An ideal course for prospective teachers would integrate the content with effective ways of teaching that specific content, the goal being to develop pedagogical content knowledge. A similar goal is desirable for training prospective PhD physicists. At nearly all universities physics PhD training does not include courses on cognition, teaching and learning. In addition, teaching assistants are usually relegated to teaching traditional laboratory sections attached to traditionally taught large lecture courses. This situation is not conducive for developing pedagogical content knowledge, so it is not surprising that new professors in physics departments teach as they were taught. It is not easy to break out of this cycle. The research on expertise demonstrates that it takes time to become an expert at something, and becoming a competent 'learning coach' is no exception. Thus, simply giving physics faculty 'tips' in crash workshops on teaching and learning may serve to pique their interest, but it does little to promote effective, or lasting, instructional innovations.
• Construction, and sense-making, of physics knowledge should be encouraged.
Although teachers can facilitate learning, research indicates that students must do the learning themselves. Students must also learn science content in ways that make sense to them, and their understanding of that science must be consistent with scientists' current models for how the physical and biological world works. Classroom environments in which students are actively engaged and the instructor plays the role of learning coach (e.g., inquiry learning, cooperative group learning, hands-on activities) are helpful in achieving this goal.
• The teaching of content should be a central focus.
Clearly any physics course for prospective teachers has to be based on physics content, but at the same time it should not be so laden with content that it becomes a race to survey as many topics as possible. The emphasis should be on understanding-in depth-a few major topics rather than the memorization of facts about many topics; the former has lasting value, the latter is quickly forgotten after the course is over.
• Ample opportunities should be available for learning 'the process of doing science'. Doing science requires not only lots of content knowledge, but also knowledge about the processes involved in scientific investigation-knowledge of the process of science. Students should, therefore, use apparatus, objects, equipment and technology to design experiments and test hypotheses, rather than performing 'cookbook' labs. Just enough guidance should be provided so that students make suitable progress.
• Ample opportunities should be provided for students to apply their knowledge flexibly across multiple contexts. Physics is perhaps the only science in which a handful of concepts can be applied to solve problems across a wide range of contexts. Unfortunately, the transfer research literature suggests that when people acquire knowledge in one context they can seldom apply this knowledge to situations in related contextscontexts that look superficially different from the original context, but which are related by the major idea that could be applied to solve or analyse them. The implication is that students should learn to apply major concepts in multiple contexts in order to make the knowledge 'fluid'.
• Helping students organize content knowledge according to some hierarchy should be a priority.
To learn lots of things about a topic, to recall that knowledge efficiently and to apply it flexibly across different contexts requires a highly organized mental framework. A hierarchical organization, in which the major principles and concepts are near the top of the hierarchy, and ancillary ideas, facts and formulas occupy the lower levels of the hierarchy but are linked to related knowledge within the hierarchy, is needed to achieve a high level of proficiency in a field.
• Qualitative reasoning based on physics concepts should be encouraged. Much of the knowledge that scientists possess is referred to as 'tacit knowledge'; it is knowledge used often but seldom made explicit or verbalized (e.g., when applying conservation of mechanical energy, one must make sure that there are no non-conservative forces doing work on the system). Tacit knowledge should be made explicit to help students recognize it, learn it and apply it. One way of making tacit knowledge explicit is by constructing qualitative arguments using the physics being learned. By both constructing qualitative arguments and evaluating others' arguments, students can begin to appreciate the role of conceptual knowledge in 'doing science'.
• Metacognitive strategies should be taught to students. Students should be able to predict not only their ability to perform tasks but also their current levels of mastery and understanding. By helping students to be self-reflective about their own learning, they can learn how to learn more efficiently. For example, when stuck trying to solve a problem, asking oneself questions such as 'What am I missing or what do I need to know to make progress here?', 'Am I stuck because of a lack of knowledge or because of an inability to identify or implement some procedure for applying a principle/concept?', are often helpful in deciding on a course of action. After solving a problem, reflecting on the solution by asking questions such as 'What did I learn that was new by solving this problem?', 'What were the major ideas that were applied and what is their order of importance?', 'Am I able to pose a problem in an entirely different context that can be solved with the same approach?', help one monitor mastery and understanding of the topics being learned.
• Formative assessment should be used frequently to monitor students' understanding and to help tailor instruction to meet students' needs. Assessment for the purposes of providing feedback to both students and instructors to help guide teaching and learning provides valuable information to both students and instructors; formative assessment helps students realize what they don't understand, and helps teachers craft tailored instructional strategies to help students achieve the appropriate understanding. This practice would also model a very powerful pedagogical strategy that prospective teachers should adopt when they become teachers.
